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Various  hydroxides  have  been  screened  for  use in nuclear  reactors 
as possible  coolant  moderators  for  operation  at  temperatures of about 
E 0 O o  F. mdroxides which  appear  stable  at a pressure of about 1 afmos- 
phere  are  those  of  sodium,  potassium,  rubidium,  lithium,  barium, and - strontium  (WaOH, KOH, RbOH, LiOH, Ba(OH)2, and Sr{OFI)z,  respectively). 

Reflected  reactors in w h i c h  these  hydroxides  were  used have been 
comgared on the  basis of enriched  uranium  investments in order to indi- 
cate  order of merit.  Criticality  requirements have been  calculated  by 
two-group  methods  with no allowance  for  fuel  burnup,  reactor  poisoning, 
or  control  requirements. 

Minimum core  investments  of 7 to 13 pounds of enriched  uranium  are 
indicated  for  reflected  square  cylindrical  cores  of  diameters 1.2 to 
1.7 feet  moderated,  respectively,  by  Sr(OE)2, Ba(OH)2,, RaOH,  and RbOH; 
investments for each of these  homogeneous  reactors  for  core  diameters 
of 2.0 to 2.5 feet  are in the  range frm 14 to 22 pounds. Wnimum 
investments  for  reflected  reactors  with NaOH-KOH eutectic  or  LiOH with 
98 percent of Lie removed are about 30 pounds;  investments  for  reflected 
reactors with KOE or  LiOH with 90 percent of Id6 removed  are in excess 
of l l 5  pounds. Tota l  uranium  investments  for  these  homogeneous  reactors 
are, of  course,  dependent on external  circulating  volumes  and  excess 
reactivity  requirements. 

For  reactors  moderated by NaOH, RbOH, Ba( OH)g,  and Sr(0E) and 
containing  the  equivalent  of 8 percent  by  volume of iron  to  represent 
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solid  fuel  elements,  cores of diameter 2.0 to 2.5 feet  reflected by 
0.5 foot of moderator  are  estimated  to  require  investments of 25 to 
35 pounds. 

Results  are  also  presented of experimental  determinations of the 
density of liquid  NaOH and KbOH for  temperatures  up  to 1700' F. These 
data,  essential to a criticality  analysis  of  reasonable  accuracy,  are 
previously  unreported. 

For  hydrOgeR0~16  reactors  containing  materials  for  which  there  are 
gaps in cross-section  data  or  for  which  data  are  ccanpletely  lacking in 
the  fast  energy  region,  it  is  necessary  to  devise  methods  for  approxi- 
mating  two-group  constants.  Semiempirical  methods  for  quickly  estimat- 
ing  two-group  constants  are  presented. 

INTRODUCTION 

Liquid  hydroxides  have  long  offered many advantages  for  use  as 
coolant  moderators in reactors  with  solid  fuel  elements and as  coolant- 
moderator-fuel  carriers in homogeneous  reactors. 

Hydroxides are particularly  adaptable  for  aircraft  nuclear  propul- 
sion  systems  because of small reactor  sizes  resulting  from  the  superior 
neutron  slowing-down  properties of hydroxides  and  the  simplified  core 
construction  that  is  possible  with  avoidance of a separate  moderator. 

Furthermore, low vapor  pressures of hydroxides  avoid  relatively 
low-operatlng-temperature limitations  due  to  boiling, and the small 
variation of density  throughout  the  temperature  range  anticipated  in 
aircraft  cycle  operations is sufficient  to  insure a negative  tempera- 
ture  coefficient of reactivity  (see  ref. 1). 

However, the   eve re corrosive  action of hydroxides on the  high- 
temperature  materials  available  for  fuel  elements and the  solubility 
limits  of u r a n € u m  salts  make  the  practical  application of hydroxides 
very  difficult . 

It  is  the  purpose of this report  to  obtain an indication  of  the 
suitability  of  various  hydroxides  as coolant moderators  wfth  respect 
to  criticality  requirements of reactor  size and enriched uranium 
investment. Such a corngarison  would  serve as a guide  in  determining 
which  hydroxides  merited  further  study  with regard to corrosion inhi- 
hition. The criterion of uranium investment is employed  as a basis 
from  which  to  judge  relative  suitabillty of the various hydroxides 
without  consideration  of  fuel  burnup,  reactor  poisoning,  or  control 
requirements. 
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A survey of potential  hydroxides m s  made  to  screen  those  which 
appeared  suitable  for  use in a reactor  at  temperatures of about 1500° F. 
The  hydroxides  of  lithium,  sodium,  potassium,  rubidium,  magnesium,  cal- 
cium,  strontium,  barium,  alumFnum, and zirconium  were  considered;  data 
for  these  hydroxfdes  are  shown in table I. Nuclear  data  for  solid 
hydroxides  at  room  temperature  were  taken from reference 2 and melting 
and  boiling  points,  wherever  available,  were  taken f r m  reference 3. 

. 

nJ 
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Listed  values  of  macroscopic  neutron  absorption  cross  section  for 
CD each  hydroxide  relative  to NaOE indicate that removal of a large  frac- 
N tion  of  the 7.4 percent  abundant  Lie  isotope can  bring  LiOH  into  the 

neutron  absorptive  range of the  other  hydroxides. 

The  question  of  hydroxide  stability at temperatures  of  interest 
to  the  power  reactor  is an all-important  consideration.  Therefore, 
also listed in table I are  the  vapor  and  dissociat'ion  pressures, or 
both,  to  be  expected at a temperature  of 1500' F. These  data  were  taken 

were  ostfmated frcon dissociation data at 1 atmosphere. 
. from  references 3 and 4; the d u e s  for M@;(oH)~, A~(oH)~, and z~(oH)~ 
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In order for criticality  calculations  to  be of reaaomble accuracy, 
it  is  essential  to  have data on the  density of hydroxides  at  contem- 
plated  operating  temperatures  of 1500° F. Inasmuch  as  the only density 
data  available are for  liquid  NaOH  and HOH, and  these  have  been  measured 
at  relatively low teqeratures (ref. 51, the  density of NaOH has been 
experimentally  determined  herein  for  temperatures  up to 1700° F. In 
addition,  the  density of liquid RbOH has been  measured  experimentally 
for  temperatures  up  to 1550° F; the  variation of density  of RbOH with 
temperature is taken  to  be  representative of the  heavier  hydroxides. 

Although RbOH is  relatively rare, it  appears from experience with 
the  density  measurements  (described in appendix B) that it is very 
similar  to  NaOH in stability  characteristics. No evidence of boiling 
was observed on heating RbOH to 180O0 F. 

On the  basis of the  preliminary survey and  fram  consideration of 
relative  neutron  absorptivity and stability  at high temperature,  the 
hydroxides  chosen  as  possible  coolant  moderators  for  the  specific 
reactors  investigated are LdOH (enriched in U T ) ,  IVaOE, KOH, NaOH- 
KOH eutectic, RbOH, Sr(OE)Z, and Ba(OHI2. The hydroxides Mg(OH)2, 
Ca(OHI2, Al(OH)3, and  have  not  been  further  considered 
because of tlie pressurization  problem  they  introduce. 

. 

. 
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No specification of fuel-element  materials  compatible, on the  basis 

of  corrosion,  with  the  hydroxides  can  be  made  at  present;  huwever,  for 
purposes of ccrmparing  the  various  hydroxides on the  basis of criticality 
requirements,  reactor  sizes and uranium  investments  initially  have  been 
conquted  for  homogeneous  reflected  reactors in which uran ium is dis -  
solved or suspended in the  hydroxides. Two reactors  which  appeared 
prcanising  were  then  recomputed  incorporating 8 percent by volume of iron 
selected  to  be  representative of a fuel-element  material. T h i s  quan- 
tity  of  materi'al is sufficiently high to  provide  for a fuel-element 
desi=  having  @equate  heat-trahsfer  surface  for a reactor  of  about 
300,000 kilmtts. 

Data on specific  reactors  considered  are  presented in table 11; 
reactor  composition  and  nuclear  properties of the  reactor  materials 
at an average  temperature  of 1450° F are  listed. 

Densities of Yquid hydroxides  NaOH and KOH  were  taken  fram  ref- 
erence 5 and for  RbOH  from  measurements  described in appendix B. The 
density  of WOE was estimated  by assuming it  to  undergo the same  per- 
centage  change in volume as NaOH in expanding on melting and to  have 
the  same  temperature  coefficient on rising  to 1450° F; the  densities 
of the  heavier Sr(0H)z and Ba(OH)2  were  assumed to expand on melting 
and  heating  in  the  same m e r  as  RbOH  (appendix B). Data for eutectic 
mix tures  of NaOH and KOH were  taken frm reference 6. Neutron  cross- 
section data were  taken  from  references 2, 7, and 8. 

Eight  hamogeneous  reactors  containing  only  hydroxide and varying 
quantities of urmium.were investigated  to  compare  the  criticality 
requirements of these  coolant  moderators.  The  eutectic of RaOE and 
KOH with a relatively low melting  point of 364' F has operational 
advantages in starting  up  reactor  systems.  Although  the  eutectic has 
a cangosition of 0.528 WaOH - 0.472 KOE by  volume,  it  is 0.613 NaOH - 
0.387 KOH on an a t d c  concentration  basis  and  thus  is  not so unfa- 
vorable  absorptionwise as it  may  at  first  appear. 

Two LioH  reactors  are  considered  in  which 90 and 98 percent, 
respectively, of the  highly  absorptive Li6  isotope  have  been  removed. 
With  as  much as 98 percent  Lie removed, the  thermal  macroscopic  absorp- 
tion  cross  section of LiOE is about  three  times  greater  than  that  for 
NaOH. 

Relative  criticality  requirements of namogeneous  reactors  with 
the  various  hydroxides  are  given  by  ccmrparing  the  first  eight  reactors 
in table 11; total uranium investment requbed is dependent on the  cir- 
culating  volume of moderator  outside  the  reactor  and  excess  reactivity 
requirements. 

0" 
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For  reactors in which  uranium  is  contained in fuel elements,  the 
effect of neutron  absorptivity of the  fuel-element  material on criti- 
cality  requirements has been  evaluated f o r  two  cases: RaOH and MaOE- 
KOH eutectic,  each with 8 percent  iron by volume. 

* 

A summary of the  .t;wo-group  theory  constants  for  the  specific  reac- 
tors  considered  is  presented in table 111. For each  reactor, a suffi- 
ciently  wide  range  of H to  U235 atm ratio R was covered in order to 
ensure  determination  of a reactor  size for m h i m u m  total u r a n i u m  invest- 
ment. Fully enriched uranium 1 s assumed to  be uniformly  distributed 
throughout  the  cores.  The  two-group  core and reflector  constants  for 
NaOH, KOH, and NaOH-ICOH eutectic  were  conpluted  by  the  procedure 
described in the next section.  The  two-group  constants  for RbOH, LiOH, 
Ba(OH)2, and  Sr(OHI2  were  calculated  by  the  methods  described in appen- 
dix C for  approximate  estimation  of  these  constants. 

Included in table I11 is  the square root of the  core  material . buckling  constant, a ~ ,  which is sFmply related  to  unreflected  core 

sizes  of  various  geometry  (see  ref. 9). 

CRITICALITY  CALCULATIONS 

The  reactor  core is taken  as a right  circular  cylinder  of  length- 
diameter  ratio of unity  with  fissionable  material  dissolved  or  suspended 
in the  hydroxide  or  contained in suitable  fuel  elements  over  which  the 
liquid  hydroxide cool.a,nt  flows.  Reactor  cores with fuel elements  are 
reflected by circulating hydrodde around the core;  homogeneous  reactor 
cores  are  assumed  to  be  reflected by the  equivalent  of  uranium-free 
liquid  hydroxide. 

Two-group  neutron  diffusion  theory was employed fn the  criticality 
calculations.  Spherical  geometry was used in the  reactor  calculations 
and a transformation  made  to  cylindrical  geometry  assuning  the  reflector 
savFngs to remain the same. Reflectpr  savings  (defined  as  the  differ- 
ence  between  the  unreflected and reflected  reactor  core  radii)  were 
found  to  be  relatively  independent of core  composition,  insofar as 
practical  fuel and fuel-element  material.  concentrations are concerned 
(see  ref. 1). The  two-group  equations  were  therefore  solved for  each 
reflected  core for a single uranium concentration  corresponding  closely 
to  that  for minimum total. uranium investment;  the  reflector  savings 
thereby  computed  for a particular  core-reflector  combination may be 
directly  applied  to  each  core  for  the  entire  range of uranium  concen- 
tration  investigated.  Criticality  requirements  were  therefore  estab- 

actually S o l v i n g  the  two-group  equations  for  all  reflected  reactors 
considered. 

" lished for'eech hydroxide-moderated  and  -reflected  reactor  without 
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Of course,  the  two-group  equations  would  have  to  be  solved  in 
detail  if flux and  power  distributions  were  required;  however,  these 
are  not  the main concern  here, For any of  the  reactors  considered  it 
would  be  possible to calculate  almost any flux o r  power  distribution 
desired  by  nonuniform  distribution  of  uranium  (see  ref. 10). 

Derivation  and  method of solution  of  the  two-group  equations  used 
are  briefly  reviewed in reference 1 as  well  as  the  detailed  metbod  for 
evaluation of the  two-grqup  nuclear  coastants  required. 

EvaluatFon  of  Nuclear  Constants 

Validity of the two-groq procedure  depends  entirely on the  cor- 
rectness of the  nuclear  constants  used  to  represent  the  various com- 
peting  nuclear  processes. To reduce  uncertainties in the  application 
of two-group theory,  the  procedure  used in evaluating  the  two-group 
constants was patterned,.as  closely as possible,  after  that  success- 
fully used in reference 11 for small water-moderated  reactors. 

Procedures  for enhating the  two-group  constants,  which  should 
lead  to  criticality  results  sufficiently  accurate  for  engineering 
evaluation,  are  briefly  outlined  as  follows  (a  list  of symbols appears 
in appendix A) : 

X m , f y  Kfy pth. - The fast COmtsS-f;B Xm,fy Kf, and Pth were 
obtained  by  weighting local values  according to the  energy  distribution 
of neutron flux in an infinite  medium of the  same  composition as indi- 
cated  by  age  theory.  The  fiasion  spectrum was included in determining 
the  energy  distribution. 

L2f. - Mean-square slawing-dm Lengths  were  calculated for hydrog- 
enous dxtwes by  the method of reference 12 in aich solutions Of the 
transport  equation for the  second mament of the spatial  distribution of 
neutrons slowing d m  from a point  source in an infinite  medium  are 
given.  It was found in reference 12 that a relatively  simple  approxi- 
mate  formula  for $f (eq. (A3), ref. 12) based on mixtures  of  heavy 
elements  provides  results  in  excellent  agreement  wtth  those  obtained 
by  the  laborious  calculations  required  by  the,  use  of  the  rigorous for- 
mula for  hydrogenous mixtures. This approximate  solution was presently 
applied  to  hydroxides,  wherever  fast  cross-section  data. were available, 
to  obtain  L2f as a Function  of  neutron  energy.  These  values of L2f 
were  then  weighted  Over  the  fission  neutron  spectrum  to  obtain an aver- 
age value of for the fast group. Values so obtained  were  cor- 
rected to the  experimental value of f o r  water as described in 
appendix C of reference 1. 

- 

. 
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4 Xm th' - m e  average  thermal  transport  mean  free  path xm,th is 
given  by  the sum of the  contributions of each  constituent atom, the 
hydrogen a t m  being  the  largest  contributor.  The  effects of chemical 
binding of the  hydrogen  atom  to  the  molecule,  however, significantly 
alter  its  thermal  scattering  properties.  The  method of reference 13, 
yhich  checks eqerimentally determined  thermal  diffusion  properties 
of water for a range of temperature, was therefore  used on the assI-uI1p- 
tion  that  the  chemical  binding  energy of hydrogen in hydroxides  is  the 
same as that in water. N 

(D 
0 n3 Qhy Lath. - The  thermal utipllcatim constant  is  calculated 

from  local  values  of EA and + assumed  to vary with  neutron  energy 
according  to l /v  in the  thermal  energy  region;  xA,th  and +,th are 
then  obtained by weighting XA and CF according  to  the flux of neu- 
trons in a Msurwellian  distribution  corresponding  to  the modemtor tem- . perature.  The  mean-square  thermal  dlff'usion  length  Lath is given by 

The  thermal  multiplication  constant Qh is given  by 

ApproxFmate  Method  for  Evaluating  Constants 

In the  use of the t w o - g r q  method for enriched  uranium  reactors 
moderated by hydrogenous  materials and containfng  elements  for  which 
there  are  large  gaps in or complete  lack  of  cross-section data in the 
fast  energy region, it  is  necessary  to  devise and evaluate  quantitative 
methods  for esttmting required  parameters. 

Based on semiempirical  observations  regarding  the  integrated two- 
group  constants  for  hydroxide-moderated  reactors,  it is possible  to 
estimate  reasonable d u e s  of the  two-group  constants  without having 
to  resort  to  the  time-consuming  detailed  integration  procedures 
referred  to in the  previous  section and described in detail in appen- 
dix C of reference 1, A detailed  description is presented in appen- 
dix C of the  present  report  of  the  formulation of the  procedures  for 

obtained  with  the  detalled  integration  procedures. It is sham that 
although  seven  core  parameters  are  required for two-group  calculations, 
there  are  three  independent  variables  for any  given uranium 

I directly  estimating  the  two-group  constants and of the  agreement 

. 
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concentration,  namely A m , f ,  and  that  largely  determine 
the  other  parameters  for  hydrogenous  reactors  containing l/v 8bsorbers. 

Because  of  uncertainties in basic  cross-section  data  and In hydrox- 
ide  densities, tmd approxhations  made  in  evaluating  the  two-group  con- 
stants,  and  because  the  two-group  method of reactor  analysis  is  itsel3 
an approxhmtion,  the  effects  of  arbitrary  variations  of dl0 percent in 
lm,th, lm,f, and  xA,th  and  resulting c u e s  in the  other  dependent 
two-group  constants on criticality  predictions  have  been detedned. 
These  calculations and results,  discussed in appendix D, are  not 
intended  to  evaluate  probable  errors  but  merely  to  illustrate  the 
relative  sensitivity of the  criticality  results  to a given  percentage 
change in core  parameters. 

FG3SULTS OF CRITICALITY  CALCULATIONS 

Core  Uranium  Investments 

Comparative  enriched uranium investment as a function of reflected 
reactor  core  diameter  for  each  hydroxide hmogeneous reactor  is  pre- 
sented in figure 1. Reactor  cores  are  cylinders of length-diameter 
ratio  unity  and  average  moderator  temperature is 1450° F; cores  are 
reflected  by  0.5-fOOt  thickness  of  hydroxide of the  same  composition 
as the  moderator. 

A l l  the curves  exhibit  characteristic m i n i m u m  core  investments 
obtained  with  core  diameters  below 2 feet f o r  all cases  except KOH, 
for  which a core  diameter of 3.0 feet is indicated.  Inasmuch  as  the 
heat-transfer  analysis  of  reactors  with  solid fuel elements  made  in 
reference 1 indicated  that NaOH reactor  cores  about 2.0 to  2.5  feet 
in  diameter  were  required  for  anticipated  total  parers f o r  aircraft 
propulsion,  it  is  more  likely  that  the  lower  core  imredlments  indi- 
cated  for  diameters  below 2 feet  may  be  applicable  for hmogeneous 
hydroxide-fuel  reactors  rather than for  solid  fuel-element  reactors. 
It is indicated  that  such  homogeneous system m y  be made  critical 
with diameters of .about  1.2  feet  for Sr(OH)2, 1.4 feet  for Ba(OH)2, 
1.6 feet f o r  NaOE, and 1.7 feet  for RboH. Mum investments for 
these  reflected cores range  from 7 to 13 pounds;  total uranium invest- 
ments are, of course,  dependent on external  circulating  volumes and 
excess  reactivity  requirements.  Criticality  investments  for  these 
reactors  are  very  closely  the  same  for  core  diameters in the  range 
from 2.0 to 2.5 feet  varying  from 14 to 22 pounds  in  the  core. 

N 
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In figure l(b), it  is  observed  that KOH requires  large  investments, 
in excess  of 115 pounds.  However, the eutectic  camposition  of NaOH and 
KOH, which  is 0.613 NaoH - 0.387 KOE on an atamfc  concentration  basis, 
requires a miniram investment  of 30 pounds  for  core  diameter of 2.0 feet. 

. 

Relative  investments for =OH, with 90 and 98 percent,  respec- 
tively,  of  the highly absorptive  Li6  isotope  removed,  are  also  presented 
in figure l(b) . With removal of 98 percent  of Li6, a minimum investment 
of 29 pounds is required  for  core aameter of 1.7 feet. 

0) a 
8 The  effect  of  fuel-element  material in a reactor,  evaluated  for  the 

I?aOH and NaOH-KOH eutectic  reactors,  is  presented in figure 2 .  A con- 
centration  of 8 percent  by volume of  iron,  taken  to  be  representative 
of the  fuel-element  material,  requires an increase in uranium investment 
of  approximately 50 percent  Over  investments of similar reactors  without 
iron. 

. The results  for  NaOH  reactor  wfth 8 percent  by volume of  iron may 
be  used  to  estimste  the  investments  required for RbOH,  Sr(OHJ2,  or 
Ba(0H) 2 reactors inasmuch as homogeneous  reactor  investments  for  core 
diameters of 2.0 to 2.5 feet  are  very  nearly  the  same  (see  fig. l(a)). 
Reactors having a neutron  absorptivity  about  equivalent to 8 percent 
iron should.  therefore  require  approximately 25 to 35 pounds of 
enriched uranium in the  range of practical  core  diameters  of 2.0 to 
2.5 feet. 

, 

Reflector  Savings 

Variation of two-group  reflector savings 6 for  the  various 
reflectors  considered is presented in figure 3. Reflector  savings 
have  been  computed by the  two-group  method  for cores in which  the 
moderator also serves  as  reflector. 

Reflector  thickness of 0.5 foot  appears to be a good ccnqprmise 
between  decreasing  core  size and increasing  core  plus  reflector  size 
and  effectively  represents  the  saturated s a v i n g s  for  most  of  the 
reflectors  considered. For this-.reason,  values  of  reflector  savings 
corresponding  to  0.5-foot-thick  reflectors  were  applied  to  the  unre- 
flected  cores. 

Reflector  savlngs.are  very  closely  equal to reflector  thickness t 
for  thin  reflectors. Frau simplified one-@xmp  thermal  considerations 
for a slab  reactor  (see  ref. 91, 6 for  thin  reflectors is given . approximately  by 
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When  moderator  and 
the  result  that 6 

reflector  are 
= t is  to  be 

=hTR,rt 
x!rR c 

the  same  material, = +,r; and 
expected.  However,  from  preliminary 

two-group  calculations  with  reflectors  of  different  ccmrpositionfrom 
the  core  moderator,  it has been  found  that  transport  mean  free  paths 
of  the  fast  group  should  be  used in the  foregoing  relation  to  estimate 
reflector  savings for amall  values of t. 

For relatively  thick  reflectors,  reflector  savings vary appreciably 
and saturate  out  at  different  reflector  thicknesses.  The  two-group say- 
ings  for  thick  reflectors  are  dependent on the  diffusion  and  absorption 
parameters  of  both  fast and thermal  groups. From sinrplified  one-group 
thermal  considerations  for a slab reactor  (see ref. 91, 6 for  very 
thick  reflectors  is  given  approximately  by 

where k h , r  is  the  square  root  of  the  mean  square  difFusion  distance 
for t h e m  neutrons  in  the  reflector.  However,  for  the  special  case 
of  core  moderator  and  reflector  composed of the same material 
(+~,c = hm,r)j  it  appears  that  the  saturated  reflector  savings for 
the  two-group diffusion picture  are  given  approxfmately  by  the  parallel 
expression 

where + is the migration  length  for  neutrons in the  reflector.  The 
excellent  agreement  between  saturated  reflector  savings S as  calculated 
by  the  two-group  method  and  $he  migration  length % for  the  hydroxide- 
moderated and -reflected  reactors  considered is given in  the  following 
table : 

Reflector-moderator 

NROH 
KOH 
NaOH-KOH  eutectic 
RbOH 
LiOH (0.90 Li6  removed) 
LiOH (0.98 Id6 removed) 
B4OHIZ 
Sr(OH12 

86.4 
225.0 
127.0 
100.0 
91.0 
91.0 
70.0 
50.0 

67.2 
51.4 
54.9 
101.0 
6.7 
28.0 
47.9 
32.9 

12.39 
16.61 16.62 
12.38 

13.64 14.18 
13.49  13.49 

9.88 9.83 
10.91 10.93 
10.86 10.92 
9.10 9.19 

cu 
0 m cu 

. 
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. S m  OF RESULTS 

Various  hydroxides have been  screened  for  use in nucleaz  reactors 
as  possible  coolant  moderators  for  operation  at  temperatures  of  about 
150O0 F. Hydroxides  which  appear  stable  at a pressure  of  about 1 atmos- 
phere  are  NaOH,  KOH,  RbOH,  LiOH, B&(OH) 2, and Sr(OH)2. 

Reflected  reactors  using  the  hydroxides have been  compared on the 
basis of enriched uranium iwestments in order to indicate  order  of 
merit.  Criticality  requirements  have  been  calculated by two-grq 

trol  requirements. 

N co 
0 
N methods  with no allowance for fuel burnup,  reactor  poisoning, or con- 

Minimum core  investments  are  obtained with reflected  square  cylin- 
drical  cores of diameters  below 2 feet  for all cases  except  KOH. Mid- 
mum enriched uranium investments and corresponding  core  diameter  for 
homogeneous  reactors  reflected by 0.5 foot of moderator  are  listed in 
the following table.  Total uranium investments aze, of course,  depend- 
ent on external  circulating  volumes and excess  reactivity  requirements. 

Coolant-moderator  fuel-carrier 
~~~ ~ 

Minimum 
uranium 

investment, 

NaOH 
RbOH 
LiOH (0.98 Li6 removed) 
NaOH-KOH  eutectic 
KOH 
LiOH (0.90 Li6  removed) 

10 
12 
13 
29 
30 
115 
130 

_ _ _ _ _ _ ~  

Reactor 
core 

diameter I 

ft 
1.2 
1.4 
1.6 
1.7 
1.7 
2.0 
3.0 
1.9 

Incorporation of 8 percent  by volume of iron to  represent  solid 
fuel  elements is calculated  to  increase uranium investments by about 
50 percent for the NaOH and NaOH-KOH  eutectic  reactors for  core  diame- 
ters  greater than those  corresponding  to minimum dum investment. 
Approximately  the same increase  due to the  presence of fuel.-elaent 
material  equivalent  to 8 percent by volume of iron is estimated  to 
apply  to  all  the  hydroxides  considered. 

For reactors  moderated by NaOH, RbOH, Ba(OH)2, and Sr(OHI2  and 
containing  the  equivalent of 8 percent  by  volume  of iron, cores  of 
diameter 2.0 to 2.5 feet  reflected  by 0.5 foot of moderator  are 

. 
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estimated to require enriched uranium investments f r m  25 to 35 pounds. 
(These core diameters are considered practical with respect to heat 
transfer for reactor heat releases of the order of 300,000 kw. 1 
Lewis  Flight  Propulsion Laboratory 

National Advisory Cammittee for Aeronautics 
Cleveland, Ohio, July 1, 1953 
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b APPENDIX A 

SYMBOLS 

E neutron  energy 

K neutron  multiplication  constant 

0) co G f  mean  square slowing-down distance  for  fast  neutrons 

L2th mean  square =fusion distance  for t h e m  neutrons 

M2 migration  area, (~2 .p  + I&.] 

m reactor  atom  density 
L 

Pth resonance  escape  probability 

3 R atom  ratio  of hydrogen to  uranium 235 

T temperature, OEt 

t reflector  thickness 

v neutron  velocity 

a0 square  root  of  core  buckling  constant 

6 reflector  savings 

Xm macroscopic  transport  mean  free  path 

V neutrons  produced  per  fission 

F average  logarithmic  energy loss per  collision 

P moderator  density 

c macroscopic  cross  section 

c microscopic  cross  section 

Subscripts: 

A absorption 

C core 
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F f i ss ion  

f fast neutron group 

r reflector 

s scattering 

th  thermal neutron group 

TR tramport 

NACA RM E53F30 

cu 
6, 
0 
N 
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The  de-ities of liquid NaOH and RbOE were  measured  for  tempera- 
tures  up  to 1700' F. The loss of  weight  due to buoyancy  of  cylindrical 
nickel  plummets  of  approximately  5-cubic-centimeter  displacement, sus- 

beam  balance.  The  hydroxides  were  contained in a cylindrical  nickel 

Variac . 

c\3 pended in molten  hydroxide by nickel Wre, was measured  by a precision 
N crucible  and  were gradudl.y heated in EL tube  furnace  controlled  by a 
(D 
0 

Temperatures  were  measured  by two chrcmel-alumel  thermocouples 
spot-welded  to  the  outer wall of  the  crucible and connected  to a direct- 
reading  potentiometer.  Temgeratures  were a l s o  checked by directly 
Fmmersing a themocqle into  the  hydroxide; all temperatures  generally 
agreed  within 20° F. . 

- The volume of the  nickel  plummet for each tempemture was corrected 
for  volumetric  expansion;  thiB  correction  is  about 5 percent at  180O0 F. 

Chemical  analysis of the hydroxides used  indicated  the follawing 
Fnitial  composition in percent  by  weight. 

IITaOH . : : : 9;:;l IRbOH . : : : : 9 ; : t l  
Na2CO3  RbzC03 
H20 . . . . .  2.1 Hz0 . 7.5 

- NaOH. - The density  measurements  for ITaOE in the  temgerature range 
X5Oo %o 1700° F are  presented in f igure 4. The  density data of  refer- 
ence 5 measured in the luw temperature  region m e  also Fndicsted.  The 
present data confirm the trend with temperature.  The  equation of the 

~ 

straight  line  shown is 

p = 1.945 - 0.000263 T 
where p is in grams per  cubic  cen-kimeter and T 

White  vapors  were  observed  leaving  the  crucik 

in 9. 

Le during  the  tests. 
When  the  nickel  crucible  was  washed  out, a considerable  number  of smal l  
black  crystals  were  formed  during  the  cooling  period  of  about ten haUrSj 
they would not  have  interfered  with  the  density  measurements  which  were 
cmpleted during a heating  time  of  about two hours. Loss of weight  due 
to  corrosion of the  nlckel  plummet was negligible  during  the  tests. 
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- RbOH. - The  density  measurements  for  RbOH are presented in figure 
5 .  The  data  for  two  sets  of  measurements on successive  days  are  given. 
For  the  first  set,  the  RbOH  was  found  to  melt  gradually  in  the  tempera- 
ture rmge 4000 to 5000 F. Density  measurements  from 5000 to 9000 F 
exhibited  the  reversal shown, which  is  attributed  to  the  change in prop- 
erties  encountered in driving off  water from the  partly  hydrated  RbOH. 
F r m  9000 to 15500 F, the  density  variation  with  temperature m s  linear. 

During  the  second  set  of  measurements,  the  hydroxide was observed 
to melt  at a temperature  above 700° F. Density  measurements in the 
range 750° to 12500 F were in agreement  wfth  the  linear  portion of the 
first  set of measurements,  indicating no further  changes  in  conposition. 

The  equation of the  straight  line is sham 

p = 3.126 - 0.000434 T 
White  vapors  were  observed  leaving  the  crucible  at  temperatures 

above 900° F. The  nickel  wire  supporting  the  plummet  failed at a melt 
temperature of about 1650° F. The  melt w8s f’urther  heated to  about 
1800° F at  which  temperature  the  thermocouples  failed. Mo unusual 
vapors  or  evidences of boiling  were  observed  at  these  temperatures  and 
the  melt  was  light  yellow  and similar in  appearance  to  NaOH  at  these 
temperatures.  Stability  characteristics of RbOE  therefore  appear simi- 
lar  to  those of NaOH. Small black  crystals  were  found  when  the  crucible 
was washed  out. 

The  melting  point  of  the  dehydrated  RbOH  salt  used  is  more  accu- 
rately  determined  by  the  cooling  curve sham in  figure 6. The  tran- 
sition  is  observed  to  occur  at  722O F. This  value  disagrees  with a 
melting  point of 572O F for  RbOH  reported in reference 6. The  cooling 
curves  presented in reference 6 indicate  the  highest  temperature  of 
the melt  used  to  be  about 700° F. If the RbOH saTnple used  were partly 
hydrated  to bean with,  the  exgerience  with  the  present  density  meas- 
urements would indicate  that a lower melting  point  is  to  be  expected. 
The  partly  hydrated RbOH melted at slightly  above 500° F, but  was  not 
completely  dehydrated  until  heated abwe 900° F Fn the  present  tests. 

cu 
(3, 
0 
cu 

. 

The  specific  gravity of solid RbOH used  was  measured  to be 3.000 
in camparison  to  the value of 3.203 reported in reference 6. 
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APPROXIMATE METHOD OF EVALUATING TWO-GROUP CONSTANTS 

In the  use of the  two-group  method for calculating  enriched ura- 
nium reactors  moderated by hydrogenous  materials,  it is necessary  to 
devise  methocb  for  approximating two -g roq  constants  for  reactors  con- 
taining  materials  for  which  there  are gaps in cross-section data or 
for wh ich  data  are cmpletely hcking in the  fast  energy  region. 

The  constants  required  for  solution  of  the two-group equations are 
ordinarily  separately  evaluated  for  each  core and reflector  composition. 
The thermal  parameters  required  are 

'TR, thJ %hj L2th 

The  fast  parameters  required  are 

5 

Evaluation  of  these  average group constants by the  procedures 
briefly  mentioned  earlier and described in detail in reference 1 have 
led  to  semiempirical  methods of estbting the  two-@oup  canstants for 
hydrogenous  reactors  wbich  avoid  the  rather  lengthy  numerical  calcula- 
tions  ordinarily  required. It will be shown that although  seven  core 
parameters  are  required  for two-group calculations,  there  are  three 
independent  variables  for any given uranium concentration,  namely 
xm,thy hm,f, and ZAYth, that  largely  determine  the  other  parameters 
for  hydrogenous  reactors  containing l/v absorbers. Furthemore, the 
accuracy  with  which all of  the  two-group  canstants may be  directly 
evaluated  is  within a few percent of the  values  obtained by the numer- 
ical m e t h o d s .  All values, of course,  are  subject to the  broad  assump- 
tions and limitations  inherent in the  two-group diffusion procedure  of 
reactor  analysis. 

Xm th' - The  method of referehce 13 for estFmating  the  effect of 
chemical  binding  of  hydrogen ta the  molecule on thermal  neutron diffu- 
sion in a hydrogenous  medfrrm is used  to e d u t e  h,ta. this 
method experlmenbl values  of t h e m  diffusion length for water  have 
been  checked  for  temperatures q to 60O0 F. 

The  contribution  to h,th which is  due  to  the  hydrogen 
is given  by 
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L 

This  relation  permits  the  determination of effective  value of 
microscopic  transport  cross  section TmE for hydrogen.  Under  the 
assumption  that  the  chemical  binding  of  hydrogen in any kydroxide mod- 
erator is essentially  the  same  as  that in water, crmH may be  Uniquely 
detemined  for any moderator  temperature. The variation of ZmH with 
temperature  as  determined  from  the  thermal  diffusion  properties of water 
and  the  method of reference 13 is presented in figure 7. 

- 

The  value of for all constituents of the  reactor  is  then 
given by 

inasmuch as for all other  reactor constituents are directly 
calculable. 

Kth, ~ 2 t h .  - The  remaining  thermal  parameters, and ~2* ,  are 
directly  calculable fram their  definitions. 

%,th 2,(0.025) 
Kth = ' q,th = A, (0.025) 

uith assumption of l/v variation  of uranium absorption and f i se ion  
cross sections in  the the,-mal  region. 

where x~,th is  the  value of absorption  cross  section for &l.l reactor 
constituents  averaged  over  the  Maxwellfan  distribution  of  neutron flux. 
For absorption  cross  section8 which follow the l/v law, the  value of 
&,th is exactly 4 / 3 2  or 0.886 of  the  absorption  cross  section  cor- 
responding  to the neutron flux at the  most  probable  energy  to w h i c h  it 
is  customary to refer  measured  cross  sections. 

Pth. - The  so-called  resonance  escape  probability  pth for highly 
enriched ur&nium reactors  containing  absorbers w h i c h  effectively follow 
- 

N 
0 
CD 
N 

c 
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the l/v law is  not  completely a measure of resonance  abBorption as 
such, but  principally 8 measure of absorption which occurs  because  the 
l/v cmponent  extends in to  the region just above t h e m  energies. 

The probability that a neutron will escape  capture in slowing d m  
from b i r t h  energy Eo t o  thermal energy Eth ja infinite hydrogenous 
moderators  containing heavy absorbers is  @veri by equation 6.88. I of 
reference 9 

Is 
to w 

Pth  = eq [-l)sij 
This equation can be evdu8ted  for  l/v absorbers  to  provide  pth 

as an explicit   function of certain  thermal  parameters. 

For media containing  appreciable amounts of hydrogen, Etlmost aY 
n a t r o n  moderation is due t o  hydrogen. Also, f o r  a considerable range 
of absorptivity,  the  quantity (EA++) can  be  approximated by &. 
(For the most absorptive  reactor  considered, the value of EA was 
about 10 percent of %; this percentage would increase slightly for  
thermal energies  corresponding t o  temperatures lower than 1450° F.) 

Inasmuch 8s cmprises more than 95 percent of the total.  scat- 
ter ing for hydroxide reactors,  the  quantity % i s  closely given by 

4 

where T$ is as effective  constant d u e  for  the  epithermal  region. 
If a l l  reactor  absorbers are assumed t o  follow the l/v law i n  this 
region, the  expression  for  pth  therefore becames 
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only energies in the  neighborhood  of Eth contribute  significantly  to 
the  integral. 

For convenience,  the  parameter q h  is introduced as follows: 

Theref ore 

2vN u u  F,O. 025 ri:Ff] 
Pth = [ Kth NE ZsH 

For a range  of  thermal  energies of interest,  corresponding  to aver- 
age  moderator  tenperatures frcm 1000° to 200O0 F, a value of 5s of 25 
barns  provldes  very  good aaeement with values of  obtained  by 
numerical integration so that the expreseion f o r  pth  becames 

which f o r  the  thermal  energy of 0.092 electron  volts  corresponding  to 
a temperature of 1450° F becames simply 

A canpariaon of Pth computed  by  the  foregoing  equations and by 
detailed  numerical  integration is shown in figure 8 for various average 
moderator  temperatures  for two NaOE-U mixtures and in figure 9 as a 
Function of q h  for various reactors  st 1450° F. 

Kf. - 'The  average  fast  multiplication  constant Kf, given by 

vzF f- p, would be equal  to G h  if all neutron  absorbers  strictly fol- 

lowed  the l/v hw. However, uraniwn exhibite  fiesion and absorption 
cros8 sectfons which depart fram  the l/v law in the  resonance  region. 
Although  deviations frcan l/v variation do not contribute on the aver- 
age  to  Pth,  they do affect the r a t io  of  productive  to  nonproductive 
absorption in U235 and so affect Kf. 

A, f 

L 

8 
Eu 
cn 
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i For reactors of pract ical  interest, numerical values of K m  vary 
from 1.0 t o  2.0. The lower value  corresponds t o  large thermal  reactors 
fo r  which uranium i s  proportimally a mall absorber; the higher value 
corresponds t o  intermediate  reactors f o r  which ur8ait.m is praportionally 
a Large absorber. The mum value Kth may have is 2.U for  a mfx- 
ture of uranium and nonabsorpWve material. 

Inasmuch as  u r a s i u m  cross  sections in the fast energy  region 
N exhibit many resonances,  values of Kf can  be  determined only by 
0 
(D 

R) 
numerical  integration. However, once determined, may be corre- 
la ted  with Kth for   reactors  in which fast production is  in the epi- 
thermal region. The variation of with K& f o r  all the reactors 
of reference 1 and present data f o r  KOH and NaOE-KClE eutectic  are s h m  
i n  figure 10. For  these  reactors Kf has been  numericdly  evaluated 
by weighting  both +,f and XA,f according t o  the neutron flux i n  an 
i n f in i t e  medium of the same canposition 8 6 .  the  reactor of in te res t .  All 
the data fall on a single curve; the llrgher values f o r  Kf are progres- 

ductive  absorptfon in  uranium i n  the epithennal region. Figure 10 
therefore serves t o  identify an appropriate  value of Kf to be employed 
with any value of K t h  for  reactors in which the greatest  contribution 
t o  Kf is i n   t h e  epithermal region and not in  the very f a s t  region. 

. 
b sively  smaller than K t h  because of the increasing fract ion of nonpro- 

f. - The fast transport mean f ree  path has u s u a l l y  been 
evaluated by weighting local energy  values by the flux i n  an i n f i n i t e  
medium and averaging Qrrer the ent i re  fast region. 

, 

It has been  found possible  to  estimate  directly  the average  values 
of Am,f 'calculatedby  the  foregoing  procedure if average  values of 
os for  the  reactor  constituents in the region of 0.1-0.5 "V are  used. 
For example, values of iis for   the  elsnents presently under considera- 
t ion ,   l i s ted  in the following table, p e d t  estimation of Am,f t o  
within a few percent of the  values  obtained by the  detailed  integration 
over the f a s t  region. This simple estimste is well witbin the accuracy 
of the two-grmp method. 
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scattering 

- 
H 
0 
I?.% 
K 
Rb 
Li 
Ba 
Sr 
Fe 
mi 
zr 
Al - 

cross  section, 
US J 

b8ITl.S 
12.0 
3.5 
4.0 
1.5 
10.5 
1.5 
6.0 
8.0 
3.5 
6.0 
7.0 
3.5 

L2f. - The  mean  square slowing down length L2f  for  hydrogenous 
infinite  media is, in the  absence  of  specific  experimental  information, 
best  estimated  by  the  method of reference 12. These  calculated  values 
are  corrected  to  the  available  experfmental  information  for  water as 
described in reference 1. The  method  of  reference 12, however,  can  be 
applied only when  cross-section d a t a  in  the  fission  energy  region are  
k3lm. 

- 

Of  the  elements  under  consideration, E, 0, ma, Ba, and Fe are  the 
only ones  for  which fast cross-section  data  are known. Only thermal 
data or very  sparse  fast data are  available f o r  K, Kb, Li7, and Sr. 
It is therefore  neceasary to assume values for m i s s i n g  fast data and 
arrploy the  method of reference 12 or  make  use of existing  calculated 
@f data  for  various  metal-water mixtures such as =-Hz0 (ref. 141, 
or Al-E20 (ref. E), or Ni-H20 (unpublished  hta).  According  to  ref - 
erence 12, slowing d m  in a hydrogenous medium  depends on the  density 
of hydrogen  nuclei  and on the  scattering of heavy  nuclei  relative  to 
the  scattering of hydrogen  nuclei. 

hasmuch as less than 5 percent  of  the slowing down  is  due  to  the 
metal  and oxygen in these  metal-water  mixtures  and  the  remainder  due 
to  hydrogen,  the e;Ctual composition  of  the  heavy  elements in itself 
is not important.  The  heavy  elements  are  accounted for by  their  scat- 
tering  properties  relative to those of hydrogen. On this basis it 
should  be  possible  to  correlate  the  existing  calculated  values of L2f 
for  mixtures having a value of atamic  density of hydrogen  nuclei  equal 
to that in a reference  mixture (in water of unit density,  for  example) 
with a relative  scattering  ratio 

L 

N 
0 or 
N 
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Average  values of us in the  region of 0.1-0.5 MFV (as employed in 
the  foregoing  section to estimate ')Cm,f) for all elements of present 
interest  are  listed in the table in the  foregoing  section. The relative 
scattering  ratio qHeaW/%E and the  calculated  values of L2f 
adjusted to a reference hydrogen atomic density of 0.0668XL024 (water of 
unit  density) for each  of  the  mixtures  calculated by the  method of ref- 
erence 12 are  listed in table IV. 

The  variation of adjusted m e a n  square slowing dawn length 

L2f L s y  with %Heam/%H is preeented in figure ll. Also 

included in figure ll are  the data for  NaOH,  HaOH-KOH  eutectic, KOH, 
Ba(OHI2, HaOH and  eutectic with iron mixtures calculated in the present 
report,  and  the MaOE mixtures  calculated in reference 1. 

A reasonable  correlation is obtained. This curve was used  to  esti- 
mate  the  value of L2f for RbOH in the follow3ng way. The d u e  of 
relative  scattering  ratio  for mOH is 

80 that 
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EmECTS OF ARBITRARY VARIATION m Two-GROUP CONS'PANTS 

ON CRITICALITX PRFSICTIONS 

It would  be  inst-quctive to  see  the  effects of an arbitrary  vari- 
ation in  the  two-group  constants on criticality  predictions  inasmuch 
as the  two-group  constants and procedure.are  subject to errors  due  to 
lack of'basic nuclear  data, approxwtions in  determining  average  group 
constants,  uncertain  moderator  densities  at high temperature, and neg- 
lect  of  resonance  absorption  and,inelastic  scattering, and because  the 
two-group  method of reactor  analysis  is  itself an approximation.  These 
calculations  are not intended  to  evaluate  probable  errors  but  merely  to 
illustrate  the  relative  sensitivity of the  criticality  results to a 
given  percentage  change Fn core  paremeters. 

Frau the  procedures  for  rapidly  estimating  the  two-group  constants 
(appendix C), it may be observed  that although there  are  seven  core 
parameters,  there -e three  independent  variables  for  any  given uranium 
concentration  which  may  introduce  uncertainty.  These  are Xm,th, 
Am,f, and ZA,th; the  other  parameters w e  effectively  functions of 
these  three  for  the hydrogenous reactors  considered. 

cu 
0) 
0 
cu 

Arbitrary and separate  increments of f10 percent in each  of  the 
parameters and in moderator density  have  been  taken for the hanogeneoue 
NaOH  reactor.  The  results are presented in figure 12 in  which  enriched 
uranium  investment is presented as a function of reflected  reactor  core 
diameter. The curves  are  desi-ted  by  plus  or minus signs to  indicate 
a &lo percent incr-t in the  particular  parameter.  Reflector  savings 
for  0.5-foot  thicgnese  of  naOH  are  maintained for all cases. 

The  10-percent  change in and  the  corresponding  change in 
L z a  are  seen  to  have a negligible  effect on the  criticality 
requirements. 

A 10-percent  change in Xm,f, effecting  approximately a 20-percent 
change in the  same  direction  for L2f due  to  change Ln % also, has a 
significant  effect on criticality  requirements,  causing  about a 50- 
percent change in the minirmlm investment and altering  its  position 
Elightly. In the core size  region of interest  (diameters  of 2.0 to 
2 . 5  -ft),  investments  are  altered by about 20 percent. 
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Findly,  a 10-percent  increase in cA,th  which,  for  illustration 
purgoses,  is  attributed  to  uncertainties in the  absorption  cro6s  sec- 
tions  but  not in the  fission cross section  of uranium, effects 8 10- 
percent  decrease in gth and corresponding  decreases in q, pth,  and 
~ 2 ~ .   his results in a change in criticaty bves-tment of approxi- 
mately 30 percent  for  core  dfameters of 2.0  to 2.5 feet. 

e\, 
W 

Another  pertinent  case to consider is the change in criticality 

8 resulting f r m  uncertainties in moderator demity. Although  densities 
for  NaOH, KOH, and RbOH are  accurately known from  experimental  deter- 
mination,  densities of =OH, Sr(OH)g, and Ba(OH)2 have had. to  be 
estimated. 

Therefore, a 10-percent  decrease in moderator  density for hmoge- 
neou reactors, which increases hm,f and by 10 percent  and 
increases LZf and Litth by  about 20 percent, hss been  arbitrarily 
selected.  The  parameters  pth, q, and K& do  not  change  at Ehu 
since  they  are  dependent on microscapic  1x06s  sections only. Invest- 
ments  are  seen  to  be  affected  approx*tely 20 percent  for  core  diame- 
ters  of 2.0 to 2.5  feet,  for  change in denaity  of &LO percent. 
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TABLE I. - PROPEIITIES OF HEDRom 
[Nuclear data based on so l id  hflrmlde at room temperature] 

Molecules 
per cc 

Thermal 

section 
croaa 

~ ~ ( 0 . 0 2 5  ev) ,  
balm3 

0 . 0 3 6 m O ~ ~  0.35 
.0360 67.22 
,0321 .79 
.0220 2.37 
. o m  1.02 
.0246 .70 
.0191 1.05 
.oleo 1.80 
,0086 1.69 
,0187 1.18 
.0123 1.50 

Macroscopic 
cmsa 

section 
S~(0 .025  ev) 

-1 Cm 

0.0126 
2.420 

,0253 
. a 2 2  
.0192 
.0172 
0201 

.0324 

.0145 
I0221 
. o m  

- Z A  

0 SO 
95.6 
1 .oo 
2.06 

.76 

.68 

.79 
1.28 

.57 

.87 

.73 

8472 
842 
605 
680 
572 
662 

1076 
707 
173 
572 

1022 

Boiling Vapor o r  
point, dissociation 

OF pressure a t  

I 
.l5000 F, 
m m H g  

Dlesoclatea 
300 Diesociatea 
300 

7 2410 
5 2535 

Dlssoclates a 500,000 

Dlseociates 30,000 
Dlseociatea 1,000 

1436 130 
Diesociatea >lo6 
Dlssoclat4s 30,000 

> 1800 

N 
4 

.. . . - 1  



28 NACA RM E53F30 L 

TABU 11. - spEcImc REACTOR COMPOSITIONS rn - PROPERT~S OF MATERIALS 

(a)  Reactor  compositions. 

Reactor  composition 
by volume 

(exclusive of 0235) 

1.00 NaOH 
1.00 KOH 
0.528 NaOH + 0.472 KOH (eu tec t ic  

1 .OO LiOH (0.90 Li6 removed) 
1.00 LiOH (0.98  Li6 removed) 

1.00 Ba(OH)2 
0.92 RaOH + 0.08 Fe 
0.92 Ram-KOH eu tec t i c  + 0.08 Fe 

1.00 RbOH - 

1.00 Sr(OE)2 

Moderator d e n e i t p  
g/cc Moleculee/cc I - 
1.57 
1.55 
1.56 
2.50 
1.04 
1.04 
3.08 
3 .'67 
1.57 
1.56 - 

0.02360~10~~ 
.01665 
.02033 
.01470 
.02630 
.02630 
,01524 
.01289 
.02360 
.02033 

%enstties are for l iqu id  W r o x i d e  a t  average tem- 
perature of 1450' F. 

(b) Nualear propert iee. 

At om Thermal neutron CYQEB sectione,a 
't 

Abeorptim, o A  

0.24 
1.02 
.37 

3.55 
.72 
.58 
.58 
.0005 
.17 

1.24 
299 
250 (OF) 

3.0 
1.5 
12 .o 
1.4 
1.4 
10 
8 
3.9 

10.9 
12 .o 

(fig. 5 )  

I 

aTherma3. energy qh = 0.092 ev corresponding to v 
average  temperature of  1450' F. 
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TABLE 111. - TWO GROUP THEORY REACTaR CONSTANTS 

(a)  Cores. 

Kp Kta pth 

- 
I. 549 
-917 
-543 
.700 
.a00 
.560 
.827 
* 8-85 
.726 
.831 
.e90 
.183 
-414 
.508 
.586 
.703 
.e43 
.555 
* 835 
.907 
.553 

.907 

.539 

.783 

.a49 

.543 
-701 

. a35 

. 801 - 

I Core 
composition 

by 
volume 

N 

cn 0 cu 
89. i 

228. c 

130.1 

102. E 

92.7 

92.7 

71. E 

51. C 

90. c 

128 -5 

1 1.961 
1.247 
1.749 
1.501 
1.169 
1.873 
1.422 
1.096 
1.778 
1.544 
1.223 
1.680 
1.293 
1.052 
1.779 
1.615 
1.108 
1.936 
1.586 
1.164 
1.936 
1.586 
1.164 
1.844 
1.492 
1.160 
1.755 
1.510 
1.181 

3.0962 
.0453 
.0540 
.OM6 
.0258 
.0767 
.0524 
.0226 
.0783 
.0631 
.os9 
.0795 
.0539 
.0228 
.0862 
.0767 
.0319 
-1064 

.M24 
,1261 
.0978 
. o m  
.0904 
.0684 
.Om5 
.0718 
.0591 
.0352 

0823 

50 
500 
50 
100 
200 
50 
200 
400 
100 
200 
400 
20 
50 
80 
60 
100 
300 
50 
200 
500 
50 
200 
500 
50 
150 
300 
50 
100 
200 

1.00  NaOH 

1.00 KOH 

3.84  1.74 

7.12  2.72 

5.02  2.09 

3.80  2.10 

4.51  1.74 

4.51  1.74 

4.30  1.75( 
27.61  1.212 

22.92  1.16C 
5.78  1.7OE 
17.55  1.362 
26.58  1.077 

41.98  1.2oc 
1.33  1.56E 
2.56  1.26C 
3.34 1.047 
4.23  1.63f 
6.41  1.52C 
13.16 l.lOC 
3.12  1.735 
10.23  1.495 
18.78 1.145 
2.15  1.735 
7.04  1.495 
12.93  1.15C 
4.45  1.682 
10.80 1.422 

6.64  1.621 
11.49 1.442 
18.01 1.173 

16.78  1.145 

0.528 NaOH 
+ 0.472 KOH 
(eutectic  mixture 

1-00 RbOH 

1.00 LiOH 
(0.98 ~ i b  removed 

1.00 Ba( OH) 2 3.75 
I 

2.78 

3.75 

1.56 

1.27 

1.74 

1.00 8r(OH)2 

0.92  NaOH + 0.08 Fe 

2.37 4.60 0.92  eutectic 
+ 0.08 Fe 

Reflector 
material 

XTR, tl 
1.73 
2.71 
2.10 
2 -10 
1.74 

1.74 

1.56 
1.27 

3.82 
7.08 
5.00 
3 -80 
4.51 

4.51 

3.75 
2.78 

I. 970 
-917 
-950 
.964 
.770 

86.4 67.2 
225.0  51.4 
127.0  54.9 
100.0 101.0 
91.0  6.7 

91.0  28.0 -940 

70.0  47.9  .963 
50.0 32.9  .966 
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TABLE IV. - C A L C U T E D  VALUES OF L2f FOR 

VARIOUS METAL-WATER MIXTURES 

Moderator composition 
(volume) 

1.00 H20 
0.333 Zr + 0.667 I120 
0.500 Zr + 0.500 E20 
0.667 Zr + 0.333 Hz0 
0.333 Al + 0.667 Hz0 
0.500 Al + 0.500 H z 0  
0.667 A1 + 0.333 Hz0 
0.200 Ni + 0.800 E20 
0.500 Ni + 0.500 Hz0 
1.00 NaOH 

L O O  KOH 

0.528 NaOH + 0.472 KOH 

1.00 Ba(OH)2 

0.92 &OH + 0.08 Fe 

0.92 NaOH-KOH + 0.08 Fe 

0.90 NaOH + 0.10 N a  
0.82 NaOH + 0.10 Na + 0.08 Fe 
0.82 NaOH + 0.10 N a  + 0.08 Ni 

L2 * 
(cm4 

33.0 
44.6 
57.3 
82.5 
52.2 
74.0 
95.5 
33.9 
41.0 
89.2 

228.0 

130 .1  

71.6 

9u. 0 

128.5 

104.9 
105.6 
102.0 

3ef erence 

10 
15 
15 
I5 
1 6  
1 6  
1 6  

Unpub . 
Unpub . 

Present 
report 

Eresent 
report 

Present 
rep  or t 

Present 
report 

Present 
report 

Present 
report 
1 
1 
I 

CSH-Y 

GH 
0.146 

.340 

.521 

.898 
.278 
.409 
.673 
.316 
.829 
.625 

.459 

.561 

.542 

.716 

.611 

.656 

.761 

.847 

33.0 
19 .8  
14.3 

9.2 
23.2 
18.5 
10.6 
21.7 
10.2 
11 .2  

14.2 

12.8 

15.3 

9.5 

13.5 

10 .6  
8 .9  
8.6 

[u 
CD 
0 
rJ 

L 

*Calculated  values of LZf corrected to agree with  experimental 
value of 33 sq cm f o r  pure Hz0 of unit density  (see refs.) .  
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. Reactor  core  diameter, ft; 

(a) Hydroxides of  strmbium, barium, sodium, and rubidium. 

Figure 1. - Enriched uranium investment for  hydroxide  cooled, moderatxd, and 
reflected hmogeneous reactors.  Reflector  thiclmess, 0.5 foot ;  length- 
diameter r a t t i o f   cy l ind r i ca l   co re ,  1.0; average  moderator  temperatire, 
1450° F. 
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LIOE 
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4, 
3.6 

Reactor core  diameter, f t  

(b)  Hydroxides of sodium, potaesium, sodium-potassium eutectic, and lithium 
with 0.90 and 0.98 of Li6 removed. 

Figure 1. - Concluded. Enriched uranium investment f o r  hydroxide cooled, moderated, 
and reflected homogeneous reactors.  Reflector  thickness, 0.5 foot;  length-diameter 
r a t i o  of cy l ind r i ca l  core, 1.0; average moderator temperature, 1450' F. 
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Flgure 2. - Effect of irw on uranium lnveetment for hydroxide cooled, moderated, 
and reflected  reactors;  reflector  thickness, 0.5 foot; 1-h-diameter r a t l o  of 
cylindrical core,  1.0; average moderator temperature, 1450' F. 

w w 
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Refleotor  thickness, ft 

Flgure 3. - Two-group ref lector  savinge for hydroxide cooled, moderated, 
and reflected  reactore. 
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Figure 5 .  - Density of l iquid rubidium hydroxide. 
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Temperature of thermal neutrme, '?F 

Figure 7. - Effective value of hydrogen transport cross e e c t i m  due to chemical LMing for various - E  t h e m 1  * 
ndutron temperatures. s! 
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N 
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.4 
400 800 ' 1200 1600 2 000 2400 2800 

Average moderator  temperature, ?F 

Figure 8. - Variation of resonance  eecape probability f o r  WaOH-U infinite media 
with average  moderator  temperature. 
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2.2 

2 .O 

1.8 

1.6 

1.4 

1.2 

1.01 I 

G 

0 Calculated by numerical  integration 

Calculated by approximate  relatian, 
over  fast  region 

.4 .6 
Resonance escape  probability,  pth 

Figure 9. - Resonance escape probability for hydroxide-uranium lnf ini te  
media for average moderator  temperature of 1450' F. 
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Fast multiplication conetant, E+ 

Figure 10. - Relation between thermal and faat multiplication constants. 
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Figure 12. - Wfects o f  arbitrary 10-percent variation in two-group constante on 
cr i t ical i ty  predictlone for  sodium hydroxide cooled, mcderated;and reflected 
reactors; reflector  thiclmess, 0.5 foot; length-diameter ra t io  of cylindrical 
oore, 1.0; average moderator temperature, 1450' F. 
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